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(57) Abstract: The present invention generally 
relates to nano scale wire devices and methods for use 
in determining analytes suspected to be present in a 
sample. The invention provides a nanoscale wire that 
has improved sensitivity, as the carrier concentration 
in the wire is controlled by an external gate voltage, 
such that the nanoscale wire has a Debye screening 
length that is greater than the average cross- sectional 
dimension of the nanoscale wire when the nanoscale 
wire is exposed to a solution suspected of containing 
an analyte. This Debye screening length ( lambda) 
associated with the carrier concentration (p) inside 
nanoscale wire is adjusted by adjusting the gate voltage 
applied to art FET strucuire, such that the carriers in the 
nanoscale wire are depleted. 
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HIGH-SENSITIVITY NANOSCALE WIRE SENSORS 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent Application Serial 
5 No. 60/860,586, filed November 22, 2006, entitled "High-Sensitivity Nanowire 
Sensors," by Lieber, et al. s incorporated herein by reference. 

FIELD OF INVENTION 
Various aspects of the present invention generally relate to nanoscale wire 
devices and methods for use in determining analytes suspected to be present in a sample. 
10 BACKGROUND 

Interest in nanotechnology, in particular sub-microelectronic technologies such as 
semiconductor quantum dots and nanowires, has been motivated by the challenges of 
chemistry and physics at the nanoscale, and by the prospect of utilizing these structures 
in electronic and related devices. Nanoscopic articles might be well-suited for transport 
15 of charge carriers and excitons (e.g. electrons, electron pairs, etc.) and thus may be useful 
as building blocks in nanoscale electronics applications, Nanowires are well-suited for 
efficient transport of charge carriers and excitons, and thus are expected to be important 
building blocks for nanoscale electronics and optoelectronics. 

Nanoscale wires having selectively fimctionalized surfaces have been described 
20 in U.S. Patent Application Serial No. 10/020,004, entitled "Nanosensors," filed 

December 11, 2001, published as Publication No, 2002/0117659 on August 29, 2002, 
and as corresponding International Patent Application Serial No. PCT/US01/48230, filed 
December 1 1, 2001, published as International Patent Application Publication WO 
02/48701 on June 20, 2002 (each incorporated herein by reference). Nanoscale wire 
25 sensors have also been described in U.S. Patent Application Serial No. 1 1/501 ,466, 
entitled "Nanoscale Sensors," filed August 9, 2006, also incorporated herein by 
reference. As described, functionalization of the nanoscale wire may permit interaction 
of the fimctionalized nanoscale wire with various entities, such as molecular entities, and 
the interaction induces a change in a property of the fimctionalized nanowire, which 
provides a mechanism for a nanoscale sensor device for detecting the presence or 
absence of an analyte suspected to be present in a sample. 
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SUMMARY OF THE INVENTION 
Various aspects of the present invention generally relate to nanoscale wire 
devices and methods for use in determining analytes suspected to be present in a sample. 
The subject matter of the present invention involves, in some cases, interrelated products, 
5 alternative solutions to a particular problem, and/or a plurality of different uses of one or 
more systems and/or articles. 

In one aspect, the invention is directed to a method. In one set of embodiments, 
the methods includes an act of exposing a nanoscale wire, having a reaction entity 
immobilized relative thereto, to a solution suspected of containing an analyte that the 
10 reaction entity is able to bind. In some cases, the nanoscale wire has a Debye screening 
length, when the nanoscale wire is placed in the solution, that is greater than the average 
cross-sectional dimension of the nanoscale wire. In certain instances, the method also 
includes an act of operating the nanoscale wire under conditions wherein the nanoscale 
wire has a conductance that is not linearly proportional to voltage applied to voltage 
1 5 applied to the nanoscale wire. 

The method, in another set of embodiments, includes acts of causing an analyte to 
bind to a nanoscale wire having a reaction entity immobilized relative thereto, and 
determining a change in charge of the analyte of less than about 10" 17 C. 

The invention is directed to an article in another aspect In one set of 
20 embodiments, the article includes a nanoscale wire, having a reaction entity immobilized 
relative thereto, where the nanoscale wire is exposed to a solution, such that the 
nanoscale wire has a Debye screening length in the solution that is greater than the 
average cross-sectional dimension of the nanoscale wire. 

In another set of embodiments, the article includes a nanoscale wire, having a 
25 reaction entity immobilized relative thereto, where the nanoscale wire can determine a 
change in charge of an analyte of less than about 10* 17 C. 

In another aspect, the present invention is directed to a method of making one or 
more of the embodiments described herein, for example, a sensing device comprising a 
nanoscale wire. In yet another aspect, the present invention is directed to a method of 
30 using one or more of the embodiments described herein, for example, a sensing device 
comprising a nanoscale wire. 
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Other advantages and novel features of the present invention will become 
apparent from the following detailed description of various non-limiting embodiments of 
the invention when considered in conjunction with the accompanying figures. In cases 
where the present specification and a document incorporated by reference include 
5 conflicting and/or inconsistent disclosure, the present specification shall control. If two 
or more documents incorporated by reference include conflicting and/or inconsistent 
disclosure with respect to eafch other, then the document having the later effective date 
shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 Non-limiting embodiments of the present invention will be described by way of 

example with reference to the accompanying figures, which are schematic and are not 
intended to be drawn to scale. In the figures, each identical or nearly identical 
component illustrated is typically represented by a single numeral. For purposes of 
clarity, not every component is labeled in every figure, nor is every component of each 

15 embodiment of the invention shown where illustration is not necessary to allow those of 
ordinary skill in the art to understand the invention. In the figures: 

Fig. 1 shows the screening effect of a nanoscaJe wire used as a sensor, in one 
embodiment of the invention; 

Figs. 2A-2D illustrates pH sensing, according to another embodiment of the 

20 invention; 

Figs. 3A-3D illustrates sensing of PSA/antibody conjugates, in yet another 
embodiment of the invention; 

Figs. 4A-4F illustrate sensing of PSA/antibody conjugates, in still another 
embodiment of the invention; and 
25 Fig. 5 shows the potential distribution of a nanoscale wire, according to yet 

another embodiment of the invention. 

DETAILED DESCRIPTION 
Various aspects of the present invention generally relate to nanoscale wire 
devices and methods for use in determining analytes suspected to be present in a sample. 
30 One aspect of the invention provides a nanoscale wire that has improved sensitivity, for 
example, as the carrier concentration in the wire is controlled by an external gate voltage, 
and in some embodiments, the nanoscale wire can be used to determine a change in 
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charge of less than about 10" 17 C. The nanoscale wire, in some cases, may be part of a 
field effect transistor (FET). In one set of embodiments, the nanoscale wire has a Debye 
screening length that is greater than the average cross-sectional dimension of the 
nanoscale wire when the nanoscale wire is exposed to a solution suspected of containing 
5 an analyte. In certain instances, the Debye screening length associated with the carriers 
inside nanoscale wire may be adjusted by adjusting the voltage, for example, a gate 
voltage applied to an FET structure. In some cases, the nanoscale wire can be operated 

under conditions where the carriers in the nanoscale wire are depleted and the nanoscale 
10 wire has a conductance that is not linearly proportional to the voltage applied to the 
nanoscale wire sensor device, for example, via a gate electrode. Other aspects of the 
invention include assays, sensors, kits, and/or other devices that include such nanoscale 
wires, methods of making and/or using functionalized nanoscale wires (for example, in 
drug screening or high-throughput screening), and the like. 
15 . In general, various aspects of the present invention provide a sensing element 

comprising a nanoscale wire able to interact with one or more analytes. For example, the 
nanoscale wire may be used to determine an analyte as part of an assay for determining 
or diagnosing cancer or other medical conditions (e.g., by determining a suitable marker, 
for example, a hormone, an enzyme, a peptide, a virus, etc., and diagnosing the cancer or 

20 other medical condition based on the determination of the marker), for determining drugs 
(e.g., as part of a drug assay or a drug screen, for instance, to identify a drug able to treat 
a medical condition such as cancer or aging), for determining toxins or other 
environmental agents (e.g„ by determining binding of the toxin to a receptor), or the like. 
Although the invention is generally described herein in reference to a nanoscale 

25 wire, it should be understood that the invention is not limited to nanoscale wires. Many 
of the methods described herein can be applied to any nanomaterials or nanostructures 
whose properties are affected by the binding of analyte molecules on the surface. As a 
non-limiting example, the methods of the present invention may be applied to a FET 
sensor device comprising nanoparticles that an analyte is able to bind. For instance, a 

30 nanoparticle (or other nanostructure) may be exposed to a solution sue* that the 
nanoparticle has a Debye screening length, when the nanoparticle is placed in the 
solution, that is greater than the average cross-sectional dimension of the nanoparticle or 



partner of the anaJyte. In some cases, the reaction entity can form a coating on the 
nanoscale wire. Non-limiting examples of reaction entities include a nucleic acid (e.g., 
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DNA or RNA), an antibody, a sugar or a carbohydrate, a protein or an enzyme, a 
ganglioside or a surfactant, etc., e.g., as discussed herein. 

In one set of embodiments, a reaction entity associated with the nanoscale wire is 
able to interact with an analyte. The reaction entity, as "associated" with or 
5 "immobilized" relative to the nanoscale wire, may be positioned in relation to the 
nanoscale wire (e.g., in close proximity or in contact) such that the analyte can be 
determined by determining a change in a characteristic or property of the nanoscale wire. 
Interaction of the analyte with the reaction entity may cause a detectable change or 
modulation in a property of the nanoscale wire, for example, through electrical coupling 

10 with the reaction entity* The term "electrically coupled" or "electrocoupling," when used 
with reference to a nanoscale wire and an analyte, or other moiety such as a reaction 
entity, refers to an association between any of the analyte, other moiety, and the 
nanoscale wire such that electrons can move from one to the other, or in which a change 
in an electrical characteristic of one can be determined by the other. This can include 

15 electron flow between these entities, or a change in a state of charge, oxidation, or the 
like, that can be determined by the nanoscale wire. As examples, electrical coupling or 
immobilization can include direct covalent linkage between the analyte or other moiety 
and the nanoscale wire, indirect covalent coupling (for instance, via a linker, and/or a 
plurality of linkers, e.g., serially), direct or indirect ionic bonding between the analyte (or 

20 other moiety) and the nanoscale wire, direct or indirect bonding of both the analyte and 
the nanoscale wire to a particle (i.e., the particle acts as a linker between the analyte and 
the nanoscale wire), direct or indirect bonding of both the analyte and the nanoscale wire 
to a common surface (i.e., the surface acts as a linker), or other types of bonding or 
interactions (e.g. hydrophobic interactions or hydrogen bonding). In some cases, no 

25 actual covalent bonding is required; for example, the analyte or other moiety may simply 
be contacted with the nanoscale wire surface. There also need not necessarily be any 
contact between the nanoscale wire and the analyte or other moiety where the nanoscale 
wire is sufficiently close to the analyte to permit electron tunneling between the analyte 
and the nanoscale wire. 

30 Thus, the reaction entity may be positioned relative to the nanoscale wire to cause 

a detectable change in the nanoscale wire. In some cases, the reaction entity may be 
positioned within about 100 nm of the nanoscale wire, within about 75 nm of the 
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nanoscale wire, within about 50 nm of the nanoscale wire, within about 20 run of the 
nanoscale wire, within about 15 nm of the nanoscale wire, or within about 10 nm of the 
nanoscale wire. The actual proximity can be determined by those of ordinary skill in the 
art. In some cases, the reaction entity is positioned less than about 5 nm from the 
5 nanoscale wire. In other cases, the reaction entity is positioned within about 4 nm, 
within about 3 nm, within about 2 nm, or within about 1 nm of the nanoscale wire. 

In some embodiments, the reaction entity is fastened to or directly bonded (e.g., 
covalently) to the nanoscale wire, e.g., as further described herein. However, in other 
embodiments, the reaction entity is not directly bonded to the nanoscale wire, but is 
10 otherwise immobilized relative to the nanoscale wire, i.e., the reaction entity is indirectly 
immobilized relative to the nanoscale wire. For instance, the reaction entity may be 
attached to the nanoscale wire through a linker, Le„ a species (or plurality of species) to 
which the reaction entity and the nanoscale wire are each immobilized relative thereto, 
e.g., covalently or non-covalently bound to. As an example, a linker may be directly 
15 bonded to the nanoscale wire, and the reaction entity may be directly bonded to the 
linker, or the reaction entity may not be directly bonded to the linker, but immobilized 
relative to the linker, e.g., through the use of non-covalent bonds such as hydrogen 
bonding (e.g., as in complementary nucleic acid-nucleic acid interactions), hydrophobic 
interactions (e.g., between hydrocarbon chains), entropic interactions, or the like. The 

20 linker may or may not be directly bonded (e.g., covalently) to the nanoscale wire. 

In one set of embodiments, the sensitivity of the reaction entity to the analyte 
may be enhanced by selecting conditions in which the Debye screening length of the 
nanoscale wire is controlled such that the Debye screening length is greater than the 
average cross-sectional dimension of the nanoscale wire when the nanoscale wire is 

25 exposed to a solution suspected of containing the analyte. The Debye screening length 
can be measured by those of ordinary skill in the art (see, e.g., the examples), and varies 
as a function of various properties of both the nanoscale wire (e.g., the doping level 
and/or the dielectric constant) and the environment in which the nanoscale wire is 
located (e.g., the temperature of the solution). 

30 The Debye length of die nanoscale wire, in some embodiments, can be 

determined as: 
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where e is the electric constant of wire material, p is the carrier concentration in the 
nanowire, k B is the Boltzmann constant (sometimes also it), Tis the temperature, and e is 
the elementary charge. The Debye length of nanoscale wire can be adjusted in some 
cases by controlling the voltage of the nanoscale wire, e.g., in the gate of a FET 
comprising the nanoscale wire, which may change the carrier concentration inside wire. 
In some embodiments, the Debye length may be controlled to be longer than the cross- 
sectional dimension of (he nanoscale wire. 

In some embodiments, the Debye screening length (more formally, the Debye- 
Huckel screening length) of the electrolyte solution is given by: 



where l is the ionic strength of the electrolyte, eo is the permittivity of free space, e, is the 
dielectric constant of the solution, k is the Boltzmann constant, T is the temperature, N A 
is Avogadro's Number, and e is the elementary charge. Those of ordinary skill in the art 
will be able to determine these values. Additionally, those of ordinary skill in the art will 
be able to select suitable environmental conditions (e.g., temperature and/or ionic 
strength of a given solution) to make the Debye-Huckel screening length of the solution 
longer, thereby increasing the sensitivity of the nanoscale wire. For instance, the 
screening length may be greater than the average cross-sectional dimension of the 
nanoscale wire. For example, the ionic strength of a solution may be controlled by 
controlling the concentration of phosphate and/or other ions (e.g., K + , CI', etc.) within the 
solution. 

In another set of embodiments, the sensitivity of the reaction entity to the analyte 
may be enhanced by operating the nanoscale wire under conditions wherein the 
nanoscale wire has a conductance that is not linearly proportional to voltage applied to 
voltage applied to the nanoscale wire, i.e., within the "subthreshold regime." Typically, 
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the conductance will depend substantially exponentially on the voltage applied to the 
nanoscale wire, e.g., the electrolyte gate voltage if the nanoscale wire is part of an FET. 

Operating the nanoscale wire sensor under conditions such as those described 
above may yield increased sensitivity. For example, in some cases, the nanoscale wire 
5 can be used to determine a change in charge of an analyte of less than about 1 0~ 17 C, and 
in some cases, less than about 5xl(T 18 C, less than about 3x 10' 18 C, less than about 10' 18 
C, or less than about 5xl0" 19 C. 

In another aspect, the present invention generally relates to the attachment of 
reaction entities, such as biological entities, to the surfaces of nanoscale wires, in some 
10 cases by using covalent bonding. The entity is thus immobilized with respect to the 
surface of the nanoscale wire. In some embodiments, a linker is used to covalently 
immobilize the entity with respect to the nanoscale wire. In some cases, the entity may 
be covalently immobilized with respect to the surface of the nanoscale wire at relatively 
short distances, depending on the size of the linker and/or the precursors thereof. For 
15 instance, the entity may be immobilized at a distance of less than about 20 nm, less than 
about 15 nm, less than about 10 nm, less than about 9 nm, less than about 8 nm, less than 
about 7 nm, less than about 6 nm, less than about 5 nm, less than about 4 nm, less than 
about 3 nm, less than about 2 nm, or less than about 1 nm from the surface of the 
nanoscale wire. In some cases, the proximity of the entity may control or otherwise 
20 affect electronic and/or other properties of the nanoscale wire, for example, the 
conductivity of the nanoscale wire. 

Non-limiting examples of chemistries suitable for attaching entities to surfaces of 
nanoscale wires, optionally via one or more linkers, include the following. In one set of 
embodiments of the present invention, the surface of the nanoscale wire may be 
25 functionalized, for example, the surface may be functionalized with aldehydes, amines, 
thiols, or the like, which may form nitrogen-containing or sulfur-containing covalent 
bonds. For instance, in some embodiments, the reaction entity may be covalently bound 
to the nanoscale wire through the use of a moiety such as an aldehyde moiety, an amine 
moiety, and/or a thiol moiety. In certain embodiments, a nanoscale wire may be reacted 
30 with an aldehyde, amine, or a thiol in solution to functionalize the nanoscale wire with 
the appropriate moiety, e.g., such that the surface of the nanoscale wire includes terminal 
aldehyde, amine, and/or thiol groups. Additional examples are disclosed in U.S. Patent 
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Application Serial No. 1 1/501,466, filed August 9, 2006, entitled "Nanoscale Sensors," 
by Lieber, et al, incoiporated herein by reference. 

One or more entities, e.g., reaction entities such as proteins, enzymes, nucleic 
acids, antibodies, receptors, ligands, etc., may then be reacted with the aldehyde, amine, 
and/or thiol moieties to covalently bind the entity to the nanoscale wire. In some cases, 
after the entity has been fastened to the nanoscale wire, the surface of the nanoscale wire, 
including any unreacted moieties, is then passivated, e.g., blocked with one or more 
compounds that causes the moieties to become unreactive. Non-limiting examples of 
such passivating agents include ethanolamine. For example, a solution may be added to 
the nanowires that includes one or more passivating agents. 

Also provided, according to another set of embodiments of the present invention, 
is a sensing element comprising a nanoscale wire and a detector constructed and 
arranged to determine a property and/or a change in a property of the nanoscale wire. In 
some cases, alteration of a property of the nanoscale wire may be indicative of an 
15 interaction between a reaction entity and an analyte (e.g., association or dissociation of 
the reaction entity and the analyte). Where a detector is present, any detector capable of 
determining a property associated with the nanoscale wire can be used. The property can 
be electronic, electromagnetic, optical, mechanical, or the like. Examples of electrical or 
magnetic properties that can be determined include, but are not limited to, voltage, 
20 current, conductivity, resistance, impedance, inductance, charge, etc. Examples of 

optical properties associated with the nanoscale wire include its emission intensity and/or 
emission wavelength, e.g. where the nanoscale wire is emissive. In some cases, the 
detector will include a power source and a metering device, for example a voltmeter or 
an ammeter. 

25 In one embodiment, a conductance (or a change in conductance) less than about 1 

nS in a nanoscale wire sensor of the invention can be detected. In another embodiment, 
a conductance in the range of thousandths of a nS can be detected. In other 
embodiments, conductances of less than about 10 microsiemens, less than about 1 
microsiemen, less than about 100 nS, or less than about 10 nS can be detected. The 
concentration of a species, or analyte, may be detected from femtomolar concentrations, 
to nanomolar, micromotor, millimolar, and to molar concentrations and above. By using 



30 



tluio, saliva, nuia or other samples nom tonsils, lympn nodes, needle biopsies, etc. 

A variety of sample sizes, for exposure of a sample to a nanoscale sensor of the 
invention, can be used in various embodiments. As examples, the sample size used in 



As an example, a sample, such as a fluid suspected of containing an analyte that 
is to be determined, may be presented to a sample exposure region of a sensing element 
comprising a nanoscale wire. An analyte present in the fluid that is able to bind to the 
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nanoscale wire and/or a reaction entity immobilized relative to the nanoscale wire may 
cause a change in a property of the nanoscale wire that is determinable upon binding, e.g. 
using conventional electronics. If the analyte is not present in the fluid, the relevant 
property of the nanoscale wire will remain unchanged, and the detector will measure no 
5 significant change. Thus, according to this particular example, the presence or absence 
of an analyte can be determined by monitoring changes, or lack thereof, in the property 
of the nanoscale wire. In some cases, if the detector measures a change, the magnitude 
of the change may be a function of the concentration of the analyte, and/or a function of 
some other relevant property of the analyte (e.g., charge or size, etc.). Thus, by 

1 0 determining the change in the property of the nanoscale wire, the concentration or other 
property of the analyte in the sample may be determined. 

In some embodiments, one or more nanoscale wires may be positioned in a 
channel or in a microfluidic channel, which may define the sample exposure region in 
some cases. As used herein, a "channel" is a conduit that is able to transport one or more 

15 fluids specifically from one location to another. Materials may flow through the 
channels, continuously, randomly, intermittently, etc. The channel may be a closed 
channel, or a channel that is open, for example, open to the external environment The 
channel can include characteristics that facilitate control over fluid transport, e.g., 
structural characteristics, physical/chemical characteristics (e.g., hydrophobicity vs. 

20 hydrophilicity) and/or other characteristics that can exert a force (e.g., a containing force) 
on a fluid when within the channel. The fluid within the channel may partially or 
completely fill the channel. In some cases the fluid may be held or confined within the 
channel or a portion of the channel in some fashion, for example, using surface tension 
(i.e., such that the fluid is held within the channel within a meniscus, such as a concave 

25 or convex meniscus). The channel may have any suitable cross-sectional shape that 
allows for fluid transport, for example, a square channel, a circular channel, a rounded 
channel, a rectangular channel (e.g., having any aspect ratio), a triangular channel, an 
irregular channel, etc. The channel may be of any size. For example, the channel may 
have a largest dimension perpendicular to a direction of fluid flow within the channel of 

30 less than about 1000 micrometers in some cases (i.e., a microfluidic channel), less than 
about 500 micrometers in other cases, less than about 400 micrometers in other cases, 
less than about 300 micrometers in other cases, less than about 200 micrometers in still 



and/or the same reaction entities at different concentrations, thereby varying the 
sensitivity of the nanoscale wires to the analytes, as needed. For example, different 
reaction entities may be "printed" on the nanoscale wires, e.g., using microarray printing 
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techniques or the like, thereby producing an array of nanoscale wires comprising 
different reaction entities. In some cases, individual nanoscale wires may be selected 
based on their ability to interact with specific analytes, thereby allowing the detection of 
a variety of analytes. The plurality of nanoscale wires may be randomly oriented or 
5 parallel to one another, according to another set of embodiments. The plurality of 
nanoscale wires may also be oriented in an array on a substrate, in specific instances. 

A sensing element of the present invention can collect real time data and/or near- 
real time data, in some embodiments. The data may be used, for example, to monitor the 
reaction rate of a specific chemical or biological reaction. Physiological conditions or 
10 drug concentrations present in vivo may also produce a real time (or near-real time) 

signal that may be used to control a drug delivery system, in another embodiment of the 
invention. In addition, electrical determination of one or more properties of the 
nanoscale wire may allow for the determination of one or more analytes as a function of 
time. For example, the conductance of a nanoscale wire may be determined as a function 
15 of time, which may give additional information regarding the analyte. 

In some cases, the nanoscale wires, or at least a portion of the nanoscale wires, 
may be individually addressable, i.e., the status of the nanoscale wire may be determined 
without determining the status of nearby nanoscale wires. Thus, for example, a 
nanoscale wire within a sensing element, or a number of nanoscale wires within the 
20 sensing element, may be in electrical communication with an electrode that is able to 
address the nanoscale wire(s), and such a wire may be addressed using the electrode 
without addressing other nanoscale wires not in electrical communication with the 
electrode. For example, a first reaction entity immobilized relative to a first nanoscale 
wire may bind an analyte, and such a binding event may be detectable independently of 
25 the detection of a binding event involving a second reaction entity immobilized relative 
to a second nanoscale wire. The electrodes may be in electronic communication with 
one or more electrical contacts. 

In some embodiments, the invention includes a micro array including a plurality 
of sensing regions, at least some of which comprise one or more nanoscale wires. The 
30 microarray, including some or all of the sensing regions, may define a sensing element in 
a sensor device. At least some of the nanoscale wires are able to determine an analyte 
suspected to be present in a sample that the sensing region of the microarray is exposed 



some aspects, any of the techniques described herein may be used in the determination of 
proteins, enzymes, toxins, viruses, small molecules, or the like, e.g., as in an assay, for 
example, to detect or diagnose cancer or other medical conditions, toxins or other 
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environmental agents, viruses, or the like. A property of an analyte may be determined 
by allowing the analyte to interact with a nanoscale wire and/or a reaction entity, and the 
interaction may be analyzed or determined in some feshion, e.g., quantified. In some 
cases, the degree or amount of interaction (e.g., a binding constant) may be determined, 
5 for example, by measuring a property of the nanoscale wire (e.g., an electronic property, 
such as the conductance) after exposing the nanoscale wire and/or the reaction entity to 
the analyte. 

In certain instances, such assays are useful in drug screening techniques. In one 
example, a protein, enzyme, or other target molecule may be immobilized relative to a 
10 nanoscale wire as a reaction entity, and exposed to one or more drug candidates, for 
example, serially or simultaneously. Interaction of the drug candidate^) with the 
reaction entity may be determined by determining a property of the nanoscale wire, e.g., 
as previously described. As a non-limiting example, a nanoscale wire, having an 
associated reaction entity, may be exposed to one or more species able to interact with 
1 5 the reaction entity, for instance, the nanoscale wire may be exposed to a sample 
containing a first species able to interact with the reaction entity, where the sample 
contains or is suspected of containing a second species able to interact with the reaction 
entity, and optionally other, different species, where one of the species is a drug 
candidate. As one example, if the reaction entity is an enzyme, the sample may contain a 
20 substrate and a drug candidate suspected of interacting with the enzyme in a way that 
inhibits enzyme/substrate interaction; if the reaction entity is a substrate, the sample may 
contain an enzyme and a drug candidate suspected of interacting with the substrate in an 
inhibitory manner, if the reaction entity is a nucleic acid, the sample may contain an 
enzyme able to bind the nucleic acid (e.g., a nucleic acid synthesis enzyme), or a 
25 complementary nucleic acid, and a drug candidate suspected of interacting with the 
nucleic acid reaction entity in an inhibitory manner, if the reaction entity is a receptor, 
the sample may contain a ligand for the receptor and a drug candidate suspected of 
interacting with the receptor in an inhibitory manner, etc. In each of these cases, the 
drug candidate may also act in a way that enhances, rather than inhibits, interaction. 
30 In some cases, assays of the invention may be used in high-throughput screening 

applications, e.g., where at least 100, at least 1,000, at least 10,000, or at least 100,000 or 
more analytes may be rapidly screened, for example, by exposing one or more analytes 



doping, etching, etc. An "individual" or a "free-standing" article is one that can be (but 
need not be) removed from the location where it is made, as an individual article, and 
transported to a different location and combined with different components to make a 



CuF, CuCl, CuBr, Cul, AgF. AgCi, AgBr, Agl, or the like. Other dopant mixtures may 
include different mixtures of these elements, such as BeSiN2» CaCN2, ZnGeP2, CdSnAs2, 



substantially throughout the crystalline lattice of the article, as opposed to an article in 
which a dopant is only incorporated in particular regions of the crystal lattice at the 
atomic scale, for example, only on the surface or exterior. For example, some articles 
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such as carbon nanotubes are typically doped after the base material is grown, and thus 
the dopant only extends a finite distance from the surface or exterior into the interior of 
the crystalline lattice. It should be understood that "bulk-doped" does not define or 
reflect a concentration or amount of doping in a semiconductor, nor does it necessarily 
5 indicate that the doping is uniform. In particular, in some embodiments, a bulk-doped 
semiconductor may comprise two or more bulk-doped regions. Thus, as used herein to 
describe nanoscopic wires, "doped" refers to bulk-doped nanoscopic wires, and, 
accordingly, a "doped nanoscopic (or nanoscale) wire" is a bulk-doped nanoscopic wire. 
"Heavily doped" and "lightly doped" are terms the meanings of which are understood by 
10 those of ordinary skill in the art 

In one set of embodiments, the invention includes a nanoscale wire (or other 
nanostructured material) that is a single crystal. As used herein, a "single crystal" item 
(e.g., a semiconductor) is an item that has covalent bonding, ionic bonding, or a 
combination thereof throughout the item. Such a single-crystal item may include defects 
15 in the crystal, but is to be distinguished from an item that includes one or more crystals, 
not ionically or covalently bonded, but merely in close proximity to one another. 

In yet another set of embodiments, the nanoscale wire (or other nanostructured 
material) may comprise two or more regions having different compositions. Each region 
of the nanoscale wire may have any shape or dimension, and these can be the same or 
20 different between regions. For example, a region may have a smallest dimension of less 
than 1 micron, less than 100 nm, less than 10 run, or less than 1 run. In some cases, one 
or more regions may be a single monolayer of atoms (i.e., "delta-doping"). In certain 
cases, the region may be less than a single monolayer thick (for example, if some of the 
atoms within the monolayer are absent). 
25 The two or more regions may be longitudinally arranged relative to each other, 

and/or radially arranged (e.g., as in a core/shell arrangement) within the nanoscale wire. 
As one example, the nanoscale wire may have multiple regions of semiconductor 
materials arranged longitudinally. In another example, a nanoscale wire may have two 
regions having different compositions arranged longitudinally, surrounded by a third 
30 region or several regions, each having a composition different from that of the other 

regions. As a specific example, the regions may be arranged in a layered structure within 
the nanoscale wire, and one or more of the regions may be delta-doped or at least 
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partially delta-doped. As another example, the nanoscale wire may have a series of 
regions positioned both longitudinally and radially relative to each other. The 
arrangement can include a core that differs in composition along its length (changes in 
composition or concentration longitudinally), while the lateral (radial) dimensions of the 
S core do, or do not, change over the portion of the length differing in composition. The 
shell portions can be adjacent each other (contacting each other, or defining a change in 
composition or concentration of a unitary shell structure longitudinally), or can be 
separated from each other by, for example, air, an insulator, a fluid, or an auxiliary, non- 
nanoscale wire component. The shell portions can be positioned directly on the core, or 

10 can be separated from the core by one or more intermediate shells portions that can 
themselves be constant in composition longitudinally, or varying in composition 
longitudinally, i.e., the invention allows the provision of any combination of a nanowire 
core and any number of radially-positioned shells (e.g., concentric shells), where the core 
and/or any shells can vary in composition and/or concentration longitudinally, any shell 

15 sections can be spaced from any other shell sections longitudinally, and different 
numbers of shells can be provided at different locations longitudinally along the 
structure. 

In still another set of embodiments, a nanoscale wire may be positioned 
proximate the surface of a substrate, i.e., the nanoscale wire may be positioned within 

20 about SO run, about 25 nm, about 10 nm, or about 5 nm of the substrate. In some cases, 
the proximate nanoscale wire may contact at least a portion of the substrate. In one 
embodiment, the substrate comprises a semiconductor and/or a metal. Non-limiting 
examples include Si, Ge, GaAs, etc. Other suitable semiconductors and/or metals are 
described above with reference to nanoscale wires. In certain embodiments, the substrate 

25 may comprise a nonmetal/nonseraiconductor material, for example, a glass, a plastic or a 
polymer, a gel, a thin film, etc. Non-limiting examples of suitable polymers that may 
form or be included in the substrate include polyethylene, polypropylene, poly(ethy!ene 
terephthalate), polydimethylsiloxane, or the like. 

In certain aspects, the present invention provides a method of preparing a 

30 nanostructure. In one set of embodiments, the method involves allowing a first material 
to diffuse into at least part of a second material, optionally creating a new compound. 
For example, the first and second materials may each be metals or semiconductors, one 



controlled growth ot the nanoscale wires. In some cases, the nanoscale wire may be 
doped during growth of the nanoscale wire. Doping the nanoscale wire during growth 
may result in the property that the doped nanoscale wire is bulk-doped. Furthermore, 



desired phase and can continue as long as reactant is available. Growth may terminate 
when the nanoscale wire passes out of the hot reaction zone and/or when the temperature 



in certain cases, a nanoscale wire (or otfter nanostructure) is tormed on tue 
surface of a substrate, and/or is defined by a feature on a substrate. In one example, a 
nanostructure, such as a nanoscale wire, is formed as follows. A substrate is imprinted 



where the position and periodicity control may be achieved by designing specific 
complementary forces between the patterned surface and the nanoscale wires. Nanoscale 
wires can also be assembled using a Langmuir-Blodgett (LB) trough. Nanoscale wires 
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may first be surface-conditioned and dispersed to the surface of a liquid phase to form a 
Langmuir-Blodgett film. In some cases, the liquid may include a surfactant, which can, 
in some cases, reduce aggregation of the nanoscale wires and/or reduce the ability of the 
nanoscale wires to interact with each other. The nanoscale wires can be aligned into 
5 different patterns (such as parallel arrays or fibers) by compressing the surface or 
reducing the surface area of the surface. 

Another arrangement involves forming surfaces on a substrate including regions 
that selectively attract nanoscale wires surrounded by regions that do not selectively 
attract them. Surfaces can be patterned using known techniques such as electron-beam 
10 patterning, "soft-lithography" such as that described in International Patent Application 
Serial No. PCT/US96/03073, entitled "Microcontact Printing on Surfaces and Derivative 
Articles," filed March 1, 1996, published as Publication No. WO 96/29629 on July 26, 
1996; or U.S. Patent No. 5,512,1 3 1, entitled "Formation of Microstamped Patterns on 
Surfaces and Derivative Articles," issued April 30, 1996, each of which is incorporated 
IS herein by reference. Additional techniques are described in U.S. Patent Application 
Serial No. 60/142,216, entitled "Molecular Wire-Based Devices and Methods of Their 
Manufacture," filed July 2, 1999, incorporated herein by reference. Fluid flow channels 
can be created at a size scale advantageous for placement of nanoscale wires on surfaces 
using a variety of techniques such as those described in International Patent Application 
Serial No, PCTAJS97/04005, entitled "Method of Forming Articles and Patterning 
Surfaces via Capillary Micromolding," filed March 14, 1997, published as Publication 
No. WO 97/33737 on September 18, 1997, and incorporated herein by reference. Other 
techniques include those described in U.S. Patent No. 6,645,432, entitled "Microfluidic 
Systems Including Three-dimensionally Arrayed Channel Networks," issued November 
1 1 , 2003, incorporated herein by reference. 

Chemically patterned surfaces other than SAM-derivatized surfaces can be used, 
and many techniques for chemically patterning surfaces are known. Another example of 
a chemically patterned surface may be a micro-phase separated block copolymer 
structure. These structures may provide a stack of dense lamellar phases, where a cut 
through these phases reveals a series of "lanes" wherein each lane represents a single 
layer. The assembly of nanoscale wires onto substrate and electrodes can also be 
assisted using bimolecular recognition in some cases. For example, one biological 
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binding partner may be immobilized onto the nanoscale wire surface and the other one 
onto a substrate or an electrode using physical adsorption or covalently linking. An 
example technique which may be used to direct the assembly of a nanoscopic wires on a 
substrate is by using "SAMs ," or self-assembled monolayers. Any of a variety of 
5 substrates and SAM-forming material can be used along with microcontact printing 
techniques, such as thosd described in International Patent Application Serial No. 
PCT/US96/03073, entitled "Microcontact Printing on Surfaces and Derivative Articles," 
filed March 1, 1996, published as Publication No. WO 96/29629 on July 26, 1996, 
incorporated herein by reference in its entirety. 

10 In some cases, the nanoscale wire arrays may also be transferred to another 

substrate, e.g., by using stamping techniques. In certain instances, nanoscale wires may 
be assembled using complementary interaction, i.e., where one or more complementary 
chemical, biological, electrostatic, magnetic or optical interactions are used to position 
one or more nanoscale wires on a substrate. In certain cases, physical patterns may be 

15 used to position nanoscale wires proximate a surface. For example, nanoscale wires may 
be positioned on a substrate using physical patterns, for instance, aligning the nanoscale 
wires using corner of the surface steps or along trenches on the substrate. 

In one aspect, the present invention provides any of the above-mentioned devices 
packaged in kits, optionally including instructions for use of the devices. As used herein, 

20 'instructions" can define a component of instructional utility (e.g., directions, guides, 
warnings, labels, notes, FAQs ("frequently asked questions"), etc., and typically involve 
written instructions on or associated with packaging of the invention. Instructions can 
also include instructional communications in any form (e.g., oral, electronic, digital, 
optical, visual, etc.), provided in any manner such that a user will clearly recognize that 

25 the instructions are to be associated with the device, e.g., as discussed herein. 
Additionally, the kit may include other components depending on the specific 
application, for example, containers, adapters, syringes, needles, replacement parts, etc. 
As used herein, "promoted" includes all methods of doing business including, but not 
limited to, methods of selling, advertising, assigning, licensing, contracting, instructing, 

30 educating, researching, importing, exporting, negotiating, financing, loaning, trading, 
vending, reselling, distributing, replacing, or the like that can be associated with the 
methods and compositions of the invention, e.g., as discussed herein. Promoting may 
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also include, in some cases, seeking approval from a government agency to sell a 
composition of the invention for medicinal purposes. Methods of promotion can be 
performed by any party including, but not limited to, businesses (public or private), 
contractual or sub-contractual agencies, educational institutions such as colleges and 
5 universities, research institutions, hospitals or other clinical institutions, governmental 
agencies, etc. Promotional activities may include instructions or communications of any 
form (e.g., written, oral, and/or electronic communications, such as, but not limited to, e- 
mail, telephonic, facsimile, Internet, Web-based, etc.) that are clearly associated with the 
invention. 

10 

Definitions 

The following definitions will aid in the understanding of the invention. Certain 
devices of the invention may include wires or other components of scale commensurate 
with nanometer-scale wires, which includes nanotubes and nanowires. In some 

1 5 embodiments, however, the invention comprises articles that may be greater than 
nanometer size (e. g., micrometer-sized). As used herein, "nanoscopic-scale," 
"nanoscopic," "nanometer-scale," "nanoscale," the "nano-" prefix (for example, as in 
"nanostructured'O, and the like generally refers to elements or articles having widths or 
diameters of less than about 1 micron, and less than about 1 00 nm in some cases. In all 

20 embodiments, specified widths can be a smallest width (i.e. a width as specified where, 
at that location, the article can have a larger width in a different dimension), or a largest 
width (i.e. where, at that location, the article has a width that is no wider than as 
specified, but can have a length that is greater). 

As used herein, a "wire" generally refers to any material having a conductivity of 

25 or of similar magnitude to any semiconductor or any metal, and in some embodiments 
may be used to connect two electronic components such that they are in electronic 
communication with each other. For example, the tenns "electrically conductive" or a 
"conductor" or an "electrical conductor" when used with reference to a "conducting" 
wire or a nanoscale wire, refers to the ability of that wire to pass charge. Typically, an 

30 electrically conductive nanoscale wire will have a resistivity comparable to that of metal 
or semiconductor materials, and in some cases, the electrically conductive nanoscale 
wire may have lower resistivities, for example, resistivities of less than about 100 
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microOhm cm (JJ^ cm). In some cases, the electrically conductive nanoscale wire will 
have a resistivity lower than about 10" 3 ohm meters, lower than about 10^ ohm meters, or 
lower than about 1 0* 6 ohm meters or 1 0* 7 ohm meters. 

A "semiconductor," as used herein, is given its ordinary meaning in the art, i.e., 
5 an element having semiconductive or semi-metallic properties (i.e., between metallic and 
non-metallic properties). An example of a semiconductor is silicon. Other non-limiting 
examples include gallium, germanium, diamond (carbon), tin, selenium, tellurium, 
boron, or phosphorous. 

A "nanoscopic wire" (also known herein as a "nanoscopic-scale wire" or 
10 "nanoscale wire") generally is a wine, that at any point along its length, has at least one 
cross-sectional dimension and, in some embodiments, two orthogonal cross-sectional 
dimensions less than 1 micron, less than about 500 nm, less than about 200 nm, less than 
about ISO nm, less than about 100 nm, less than about 70, less than about 50 nm, less 
than about 20 nm, less than about 10 nm, or less than about 5 nm. In other embodiments, 
15 the cross-sectional dimension can be less than 2 nm or 1 nm. In one set of embodiments, 
the nanoscale wire has at least one cross-sectional dimension ranging from 0.S nm to 100 
nm or 200 nm. In some cases, the nanoscale wire is electrically conductive. Where 
nanoscale wires are described having, for example, a core and an outer region, the above 
dimensions generally relate to those of the core. The cross-section of a nanoscopic wire 
may be of any arbitrary shape, including, but not limited to, circular, square, rectangular, 
annular, polygonal, or elliptical, and may be a regular or an irregular shape. The 
nanoscale wire may be solid or hollow. A non-limiting list of examples of materials 
from which nanoscale wires of the invention can be made appears below. Any nanoscale 
wire can be used in any of the embodiments described herein, including carbon 
nanotubes, molecular wires (ue., wires formed of a single molecule), nanorods, 
nanowires, nanowhiskers, organic or inorganic conductive or semiconducting polymers, 
and the like, unless otherwise specified. Other conductive or semiconducting elements 
that may not be molecular wires, but are of various small nanoscopic-scale dimensions, 
can also be used in some instances, eg. inorganic structures such as main group and 
metal atom-based wire-like silicon, transition metal-containing wires, gallium arsenide, 
gallium nitride, indium phosphide, germanium, cadmium selenide, etc. A wide variety 
of these and other nanoscale wires can be grown on and/or applied to surfaces in patterns 



SWNTs can behave as one-dimensional metals and/or semiconductors. 25 WW is. 
Methods of manufacture of nanotubes, including SWNTs, and characterization are 
known. Methods of selective functionalization on the ends and/or sides of nanotubes 
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also are known, and the present invention makes use of these capabilities for molecular 
electronics in certain embodiments. Multi-walled nanotubes are well known, and can be 
used as well. 

As used herein, an "elongated" article (e.g. a semiconductor or a section thereof) 
5 is an article for which, at any point along the longitudinal axis of the article, the ratio of 
the length of the article to the largest width at that point is greater than 2:1 . 

A "width" of an article, as used herein, is the distance of a straight line from a 
point on a perimeter of the article, through the center of the article, to another point on 
the perimeter of the article. As used herein, a "width" or a "cross-sectional dimension" 

10 at a point along a longitudinal axis of an article is the distance along a straight line that 
passes through the center of a cross-section of the article at that point and connects two 
points on the perimeter of the cross-section. The "cross-section" at a point along the 
longitudinal axis of an article is a plane at that point that crosses the article and is 
orthogonal to the longitudinal axis of the article. The "longitudinal axis" of an article is 

15 the axis along the largest dimension of the article. Similarly, a "longitudinal section" of 
an article is a portion of the article along the longitudinal axis of the article that can have 
any length greater than zero and less than or equal to the length of the article. 
Additionally, the "length" of an elongated article is a distance along the longitudinal axis 
from end to end of the article. 

20 As used herein, a "cylindrical" article is an article having an exterior shaped like 

a cylinder, but does not define or reflect any properties regarding the interior of the 
article. In other words, a cylindrical article may have a solid interior, may have a 
hollowed-out interior, etc. Generally, a cross-section of a cylindrical article appears to 
be circular or approximately circular, but other cross-sectional shapes are also possible, 

25 such as a hexagonal shape. The cross-section may have any arbitrary shape, including, 
but not limited to, square, rectangular, or elliptical. Regular and irregular shapes are also 
included. 

As used herein, an "array" of articles (e.g., nanoscopic wires) comprises a 
plurality of the articles, for example, a series of aligned nanoscale wires, which may or 
30 may not be in contact with each other. As used herein, a "crossed array" or a "crossbar 
array" is an array where at least one of the articles contacts either another of the articles 
or a signal node (e.g., an electrode). 



WO 2008/127314 



PCT/US2007/024126 



-33- 

The invention provides, in certain embodiments, a nanoscale wire or wires 
forming part of a system constructed and arranged to determine an analyte in a sample to 
which the nanoscale wire(s) is exposed, "Determine," in this context, generally refers to 
the analysis of a species, for example, quantitatively or qualitatively, and/or the detection 
5 of the presence or absence of the species. "Determining" may also refer to the analysis 
of an interaction between two or more species, for example, quantitatively or 
qualitatively, and/or by detecting the presence or absence of the interaction, e.g. 
determination of the binding between two species. As an example, an analyte may cause 
a determinable change in an electrical property of a nanoscale wire (e.g., electrical 

10 conductivity, resistivity, impedance, etc.), a change in an optical property of the 

nanoscale wire, etc. Examples of determination techniques include, but are not limited 
to, piezoelectric measurement, electrochemical measurement, electromagnetic 
measurement, photodetection, mechanical measurement, acoustic measurement, 
gravimetric measurement, and the like. "Determining" also means detecting or 

15 quantifying interaction between species. 

A "fluid," as used herein, generally refers to a substance that tends to flow and to 
conform to the outline of its container. Typically, fluids are materials that are unable to 
withstand a static shear stress. When a shear stress is applied to a fluid, it experiences a 
continuing and permanent distortion. Typical fluids include liquids and gases, but may 

20 also include free-flowing solid particles, viscoelastic fluids, and the like. 

As used herein, a component that is "immobilized relative to" another component 
either is fastened to the other component or is indirectly fastened to the other component, 
e-g.> by being fastened to a third component to which the other component also is 
fastened. For example, a first entity is immobilized relative to a second entity if a 

25 species fastened to the surface of the first entity attaches to an entity, and a species on the 
surface of the second entity attaches to the same entity, where the entity can be a single 
entity, a complex entity of multiple species, another particle, etc. In certain 
embodiments, a component that is immobilized relative to another component is 
immobilized using bonds that are stable, for example, in solution or suspension. In some 

30 embodiments, non-specific binding of a component to another component, where the 
components may easily separate due to solvent or thermal effects, is not preferred. 



receptor/hormone, receptor/ettector, complementary strands ot nucleic acid, 
protein/nucleic acid repressor/inducer, ligand/cell surface receptor, virus/ligand, 
vims/cell surface receptor, etc. 
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The term "binding partner** refers to a molecule that can undergo binding with a 
particular molecule. Biological binding partners are examples. For example, Protein A 
is a binding partner of the biological molecule IgG, and vice versa. Other non-limiting 
examples include nucleic acid-nucleic acid binding, nucleic acid-protein binding, 
5 protein-protein binding, enzyme-substrate binding, receptor-ligand binding, receptor- 
hormone binding, antibody-antigen binding, etc. Binding partners include specific, 
semi-specific, and non-specific binding partners as known to those of ordinary skill in 
the art. For example, Protein A is usually regarded as a "non-specific" or semi-specific 
binder. The term "specifically binds" when referring to a binding partner (e.g., protein, 

10 nucleic acid, antibody, etc.), refers to a reaction that is determinative of the presence 
and/or identity of one or other member of the binding pair in a mixture of heterogeneous 
molecules (e.g., proteins and other biologies). Thus, for example, in the case of a 
receptor/ligand binding pair the ligand would specifically and/or preferentially select its 
receptor from a complex mixture of molecules, or vice versa. An enzyme would 

1 5 specifically bind to its substrate, a nucleic acid would specifically bind to its 

complement, an antibody would specifically bind to its antigen. Other examples include 
nucleic acids that specifically bind (hybridize) to their complement, antibodies 
specifically bind to their antigen, binding pairs such as those described above, and the 
like. The binding may be by one or more of a variety of mechanisms including, but not 

20 limited to ionic interactions, and/or covalent interactions, and/or hydrophobic 
interactions, and/or van der Waals interactions, etc. 

The terms •'polypeptide/' "peptide," and "protein" are used interchangeably 
herein to refer to a polymer of amino acid residues. The terms apply to amino acid 
polymers in which one or more amino acid residue is an artificial chemical analogue of a 

25 corresponding naturally occurring amino acid, as well as to naturally occurring amino 
acid polymers. The term also includes variants on the traditional peptide linkage joining 
the amino acids making up the polypeptide. 

As used herein, terms such as "polynucleotide" or "oligonucleotide" or 
grammatical equivalents generally refer to a polymer of at least two nucleotide bases 

30 covalently linked together, which may include, for example, but not limited to, natural 
nucleosides (e.g., adenosine, thymidine, guanosine, cytidine, uridine, deoxyadenosine, 
deoxythymidine, deoxyguanosine and deoxycytidine), nucleoside analogs (e.g., 2- 



those with positive backbones (Denpcy et at. (1995) Proc. Natl. Acad. Sci. USA 92: 
6097; non-ionic backbones (U.S. Patent Nos. 5,386,023, 5,637,684, 5,602,240, 5,216,141 
and 4,469,863; Angew. (1991) Chem. Intl. Ed English 30: 423; Letsiriger et al. (1988) J. 



a dimer of Fab which itself is a light chain joined to V H -C H 1 by a disulfide bond. The 
F(ab)'2 may be reduced under mild conditions to break the disulfide linkage in the hinge 
region thereby converting the (Fab')2 dimer into an Fab' monomer. The Fab' monomer 



10/196,337, tiled July 16, 2002, entitled "Nanoscale Wires and Related uevices," oy 
Lieber, et a/., published as U.S. Patent Application Publication No. 2003/0089899 on 
May 15, 2003; U.S. Patent Application Serial No. 10/720,020, filed November 21, 2003, 



sensor prepared in accordance with one embodiment of the invention is shown to be 
enhanced in the low carrier concentration regime where the screening length is longer 
than the radius of the nanowire, and therefore the molecules bound on surface can gate 
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the whole cross-section of nanowire. This is shown by operating a Si-NW FET 
biosensor in the subthreshold regime with the devices gated in electrolyte. It was shown 
that the NW FET biosensor operating in the subthreshold regime had high charge 
sensitivity and a high percentage change in conductance response, which may depend 
5 exponentially on the surface potential shift induced by the binding of analyte molecules. 
This example also shows that optimization of a nanowire FET structure and operating 
conditions can provide a significant enhancement of, as well as a fundamental 
understanding for, the sensitivity of a NW-FET sensor. For example, operating in the 
subthreshold regime was shown in this example to improve the prostate specific antigen 

10 (PSA) detection limit down to -1 ,5 fM for a NW-FET sensor with a -0.75 pM detection 
limit in the linear regime. Also, it may be possible to detect down to as small as several 
electron charges with the NW FET sensors working in the subthreshold regime, as is 
shown in this example. These results may have general implications on the sensitivity 
limits of other FET sensors as well. 

1 5 For NW biosensors operated as FETs, the sensing mechanism is the field gating 

effect of charged molecules on the carrier conduction inside NW. Therefore, the highest 
sensitivity may be achieved when the whole volume of nanodevice is gated by surface 
charges. This situation may be realized when the carrier screening length is much larger 
than the radius of the NW, R. Conductance changes of NW FETs can be used to detect 

20 pH, proteins, and viruses, for example, as is discussed in U.S. Patent Application Serial 
No. 11/501,466, filed August 9, 2006, entitled <c Nanoscale Sensors," by Lieber, et al, 
incorporated herein by reference. 

Si-NWs used for sensor application often have R on the order of 100 ran, or 10 
nm in some cases. In most cases, charged molecules bound on the surface gate the NW 

25 within a surfoce layer of thickness -1-2 nm. However, at much lower hole densities, p 
(e.g., lower than 10 !8 /cm 3 ), R and the whole volume of the NW may be gated by 
molecules at surface. Thus, there may be a greater response of device and/or an increase 
in sensor sensitivity under these conditions. 

A schematic comparison between these two scenarios is shown in Fig. 1, together 

30 with the screening length in silicon plotted as a function of/7. This figure shows the 
screening length effect on the operation and sensitivity of NW FET sensors. The 
working regime and effectiveness of gating effect induced by molecules at the surface of 



the conductance change. Using AG/G to study the sensitivity has a physically 
meaningful motivation: it is related to the volume ratio between the part of NW that is 
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gated by surface charges (represented by AG) and the whole body of NW (represented by 
G). Therefore, AG/G is expected to reach maximum when the surface/volume of nano- 
sensor is fully utilized, which happens when the sensor is near carrier depletion, such 
that the carrier density is low and Xsi»R. Using the above expression for AG and G=e 
5 xpxp xtcR 2 yields the relative conductance response for NW FET sensors in the regime 
with highest sensitivity (%si»R) as: 

AG/ G = exp(-eb<p Si /k B T)-l . (1) 

10 Although the NW is treated as a three dimensional (3D) system in this derivation, the 
general approach remains valid when radial confinement makes the system one 
dimensional (ID), since it only relies on the thermally activated nature of carriers, which 
follow Boltzmann statistics. 

pH sensing experiments were used as a model system to study the sensitivity of 

15 NW sensor in the various regimes. Following are nanowire FET fabrication and surface 
modification for sensing experiments procedures. 

Nanowire FET fabrication and electrolyte gating were performed as follows. 
Silicon nanowires were synthesized by chemical vapor deposition using 10 nm gold 
nanoparticles as catalysts, with silane as the reactant Diborane was used during the 

20 growth to provide boron as the p-type dopant with a typical B:Si ratio of 1 :8000. The 
FETs were fabricated by photolithography into a patterned array. Nickel (60 nm thick) 
. metal was used as contacts which were passivated/protected from electrolyte by 
deposition of -50 nm thick SijitiA after nickel evaporation. The distance between the 
source-drain electrodes for each FET was 2 ym. pH and PSA samples were delivered to 

25 the nanowire devices by a microfluidic channel (with a 500 fim width by 50 fim height 
cross-section) made of flexible PDMS polymer channel sealed to the device chip. The 
samples were delivered through inlet/outlet connections in the PDMS polymer by a 
syringe pump running at typical speed of 0.3 ml/hr, A gold metal pad (without S13N4 
passivation) on the chip was used as a global gate electrode for gating all the devices in 

30 electrolyte. The FET conductance was measured by a lock-in amplifier at a frequency of 
17 Hz and biased voltage of 30 mV, 
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Nanowire surface modifications were performed as follows. For pH sensing, the 
silicon nanowire surface was modified with 3-aminopropyltriethoxysilane (3 APTS) to 
provide amino groups at the nanowire surface. The chip was first reacted with 1% 
3 APTS in ethanol for -30 min. Then the chip was rinsed with ethanol and baked at 1 1 0 
5 °C for 5-10 min before conductance measurements. For PSA sensing (see below), a two- 
step modification process was used to link antibody receptors to nanowire. Aldehyde 
groups were first linked to the NW surface by reacting with 1 % 3- 
(trimethoxysilyl)propyl aldehyde (United Chemical Technologies) in ethanol for -30 
min followed by rinsing with ethanol and baking at 1 10 °C for 10 min, Anti-PSA (Abl, 

10 clone ER-PR8, NeoMarkers) was couple to the aldehyde-terminated nanowire surface by 
reaction of 100 jig/ml antibody in a pH 8.4, 10 mM phosphate buffer solution with 4 mM 
sodium cyanoborohydride for ~2 h. 

In the pH sensing experiments, the silicon oxide (SiC^) surface of boron doped p- 
type Si-NW was modified with 3-aminopropyltriethoxysilane. The 

15 protonation/deprotonation of amino (-NH2) and silanol (Si-OH) groups changes the 
surface charge and surface potential of the NW when the pH of electrolyte solution was 
varied, A gold pad on the chip was used as a gate electrode to gate the NW-FET devices 
in the electrolyte (inset, Fig. 2A), Fig. 2A shows the conductance G vs. the electrolyte 
gate voltage V & of a p-type NW FET. The inset shows a schematic diagram of electrolyte 

20 gating. This device has a transconductance -700 nS/V in the linear regime and a 
subthreshold slope S-180 mV/decade in the subthreshold regime, with a threshold 
voltage V T ~0 V. 

By setting a voltage K g on g»te electrode, a voltage difference K g was established 
between the bulk solution and the NW, and the hole concentration in the NW could be 

25 tuned. Typically, the devices in this example could be turned on/off within K g = 3 ±0.5V. 
Fig, 2A shows the G(Fg) curve on a semi-log scale for a NW device with R=5 ran in a 
pH=7, 10 mM phosphate solution. From the analysis of the NW conductance on surface 
potential, it can be inferred that the X&i»R regime was reached in the G{V£ plot where 
G depends exponentially on the electrolyte gate voltage which is called the 

30 "subthreshold regime" in semiconductor device physics terminology, The parameter 
characterizing the FET performance in the subthreshold regime was the subthreshold 
slope S, which equals the cliange in V l needed to tune the device conductance G by a 



the potential at the S1/S1O2 interface of NW, the data were analyzed in terras of Aq>si02> 
the surface potential at the SiCVelectrolyte interface. The AG/G data at P g = -0.4 V were 
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fitted to a linear dependence: A0/G(pH=4)^g m ^A(f>s\O2/G(pH^4) with Acp S i02 as the only 
fitting parameter. Using g m = 700 nS/V obtained from the G(Kg) data in electrolyte-gating 
measurement, A<ps«02 w -30 mV/pH was obtained. The negative sign comes from the fact 
that the Si02 surface is more negatively charged at higher pH. Below, the pH sensing 
5 data were analyzed in the subthreshold regime according to the analysis on the NW 
sensor response in the \si»R regime. To take into account of the potential drop inside 
S1O2 layer and the gate coupling efficiency, Eq. 1 was modified to: 

AG/G=exp(-<r e A<psi02 / k B T ) - 1 . (2) 

10 

Fitting the K g = -H).2V data in Fig. 2D to Eq. 2 with the gate coupling efficiency a=l/3, 
Acpsi02 « -30 mV/pH was obtained, consistent with the value in the linear regime. The 
pH sensitivity in terms of surface potential of materials had a theoretical limit of 60 
mV/pH, which is set by the Nernst equation. Depending on site densities and the 
15 dissociation constants of functional groups on the material surface, the measured A<p(pH) 
may be lower than the ideal 60 mV/pH. 

EXAMPLE 2 

An important advantage of the sensors described herein is their relatively high 
sensitivity, which may allow purely electrical methods to be used to study analytes such 

20 as single biomolecules. This example gives a quantitative calculation of the detected 
surface charge for a NW sensor with cylindrical geometry, and shows that the 
subthreshold regime has a low charge detection limit for FET nanosensors. The charge 
detected for surface potential A<p$i02 at the Si0 2 /electrolyte interface is given by 
Q=C*A<psi02» where C is the capacitance between the surface charge and the 

25 NW/electrolyte system. In calculating C, there are three capacitances: the double layer 
(DL) capacitance Cdl, the Si02 layer capacitance C ox , and the capacitance of charging 
N W Cnw. When there are surface charges at the S1O2 surface, carriers in the NW and 
counter-ions in the electrolyte will come close to the Si0 2 surface to screen out the 
surface charge. Since surface charge of SiOa equals to the net charge in NW plus the 

30 charge in the DL of the electrolyte, C can be modeled as C D l in parallel with the series 
capacitance of C ox and Cnw: 
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C^Cl/Cox+l/CNwr'+CpL. (3) 

Using the double cylinder capacitance formula 27te S K>2/ln(l C*r 1-4 *1(T 15 
5 F/um for a typical Si-NW with native Si02 thickness rf-1 nm and R~5 nm. The 
capacitance of the NW, Cnw> characterizes how much the chemical potential (or the 
Fermi energy £f) of the carriers shifts with respect to the carrier density change: Cnw^ 
e 2 dp/d£ F . For non-degenerate carriers in NW, the following is derived: C N w« 
e 2 xpx27tfX S i/k B rfor *si«#, and C NW * e 2 *p*TiR 2 lk B T for \ s i»R (see below). Note 
1 0 that Cnw decreased quickly as the NW was gated from the linear to the subthreshold 
regime. For instance, Cnw drops from -3x1 0" 15 F/um to ~-5* 1 0' n F/um as p decreased 
from lxl0 ,9 /cm 3 (XsH.5nm)to lxlO l6 /cm 3 (X,sr-35nm). Therefore, in the high p limit, 
C ~ Cox+Cdl and in the low/? limit, C~ Cdl. By solving the spatial potential distribution 
inside DL for cylindrical coordinates, the NW-electrolyte DL capacitance was calculated 
15 to be C M = nscK t (x)/K 0 (x) (see below), where e=80 is the dielectric constant of water, 
x=RIX with /i as the Debye-Huckel screening length of the electrolyte, and AT 0 (jc) and 
JsCi(x) are the zero and first order modified Bessel functions of the second kind. For a 10 
mM KC1 solution, X~3 nm and R^5 nm, Cdl«4/7* 10" 15 F/um. For these parameters, the 
2 fun long NW-sensor was estimated to detect AQ ~ (C w +C D l) * 30 mV/pH - 2300 e/pH 
20' in the linear regime, and Ag ~ C DL x 30 mV/pH = 1 800 e/pH in the subthreshold regime 
(e being the elementary charge). 

From the above discussion, it can be seen that lower charge detection limit AQwim 
of the NW sensors could be obtained by reducing Cnw and C D l- Thus, better charge 
sensitivity could be obtained in the subthreshold regime (where Cnw -> 0) and in 
electrolyte with small ionic strength / (as X oc r ia ). In Table 1, A&nin - CA(p mm is listed 
for the sensor shown in Fig. 2. Here, the minimal detectable surface potential shift A<p m in 
~ 5 mV and 0.67 mV in the linear and subthreshold regimes respectively. Also shown 
are the corresponding AQ m \ n , assuming a low ionic strength 7=10 jiM were used. Table! 
shows that it is possible to detect charge as little as several e using a NW FET sensor 
working in the subthreshold regime and low ionic strength electrolyte. Besides 
demonstrating, in this example, the capability of NW FET devices as sensitive charge 



A low ionic strength solution (10 potassium phosphate + 10 fiM KC1, pH~7.4) was 
used in the PSA sensing experiments to enhance sensitivity. Since PSA molecules have 



optimized (in terms of the highest AG/G and signal to noise ratio) in the subthreshold 
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regime, consistent with the above discussion based on the screening length effect on the 
sensitivity as well as the pH sensing experiments. 

Additionally, concentration dependent detection was used to compare the PSA 
detection limits of the device in the linear vs. subthreshold regime. Real-time 

5 conductance sensing data are presented in Figs. 4A-4B to show the detection limit -0.75 
pM for a NW sensor with g m =2800 nS/V in the linear regime (VfO V). The curves 
show a minimal PSA detection limit -0.75 pM for this device in the linear regime. The 
same device had a subthreshold slope S^lOO mV/decade in the subthreshold regime. 
Figs. 4C-4F show the time dependent conductance measurements for detecting various 

10 PSA concentrations (15 pM, 0.75 pM, 37 fM and 1,5 fM) in the subthreshold regime of 
the same device. These data show that the detection limit of the device improved from 
-0.75 pM in the linear regime to -1.5 fM in the subthreshold regime. Therefore, with 
Figs. 3 and 4, it can be seen that protein detection in the subthreshold regime of the NW 
sensor used here has not only a better signal to noise ratio, but a better detection limit. 

15 EXAMPLE 4 

To calculate A(p(r), the potential profile inside a NW in responding to an 
adsorbed surface charge of a (per unit length of NW), one solves the Poisson equation in 
cylindrical coordinates as: 



20 




(SI) 



where change in the hole density in NW is Spir)^ pi*exp[(TEr*Aq>-EF)]/kBT - 
pjxexp(ErEF)/kBT = px[expHA<p)/k B T-l]. 

For a small perturbation (eA<p<<kBT), Eq.Sl can be linearized to: 



25 





2 being the Debye length in silicon with hole density /?, The 



WO 2008/127314 



PCT/US2007/024126 



-50- 

solution of Eq. S2 for boundary conditions Aq>(/0 = Acpsi and Acp(O) = finite is: 
A<p(r) - A<psi* Wr/Xsd I h(R/Xsi) (S3). 

5 Here 7o(x) is the zero-order modified Bessel function of the first kind and A<p S j is the 

potential at Si/Si02 interface. Eq. S3 is plotted in Fig. 5 at different iJ/Xsj. It is important 
to note that for small x=R/A$\ «1, /o(x)»l, Eq. S3 physically means that for large fa 
and/or small R, surface charges gate the whole cross-section of NW. For large x=> R/fa 
e* 

» 1 , 1 0 (x) « : , and the potential falls off quasi-exponentially fh>m the surface of 

1 0 NW within a layer of thickness ~ fa. Fig. 5 shows the potential distribution Aq>(r) inside 
silicon nanowire at different ratios between the nanowire radius R and the carrier 
screening length X$\. Aq>(r) is normalized by its value at surface. 

Following is a discussion of the relationship between surface charge and surface 
potential. Due to the total charge neutrality of the system: 

15 

ft R 

cr = -ex finr£sp{r)dr =e x |2;zr x p x {1 - exj>(-e&<p/k B T)}dr (S4), 

0 0 

Solving Eq. S3 and S4 gives how much the surface potential Aq>si is for surface charge 
adsorption of cr, 

20 Now consider two limiting cases: R «ksi (low carrier density) or R»Xs\ (high 

carrier density). Forx=/ZAsi«l ) /o(>f)=l+0(x 2 ) «1: 

A<p(r) « A<psi 
25 For 0<r<R; Eq. S4 simplifies to: 

a-ex7iR 2 xpx{l-erxp(-e^p^/k B T)} (S5). 

Note that although the Poisson equation SI treats NW as a 3D system, the result of 
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exponential dependence of o on A(p S i at R«X$\ will not change even if the radial 
confinement of NW is considered and the system is ID. This is because, in Eq.S5, the 
carriers are thermally activated and follow Boltzmann statistics. For the ID case, one 
replaces nlfxp in Eq.S5 with the ID charge density per unit length. If a small 
5 perturbation is considered (e&y«kaT), Eq. 4 can be linearized and evaluated: 



R 2 

cr*ex j2wx pxe^^fksTdr^pxlTdtAsX^^x^^^- (S6), 

where is the first-order modified Bessel function of the first kind, and the 
10 relationship dxl\(x)fdx=xlv(x) is used. For JJ/X S *»1 » Eq. S6 further simplifies to: 

vmpxTntot*^** (S7). 

By differentiating Eq. S6, the differential capacitance of nanowire is: 



™ dA<p k B T R I Q {R/^) K } 



Eq. S8 gives the charging capacitance of a NW and has the following asymptotic 
behavior: Cnw « e 2 xp*2KRh$A*T for X S i«#; and Cnw * e?xp*itR 2 /kBT for %st>>R. 
Note that Eq. S8 at the \&\»R limit is consistent with the well known compressibility of 
a non-degenerate electron gas, and remains valid for ID after replacing p*nR 2 with the 
ID charge density (which can be shown to be true by calculating the exact density 
dependence of the chemical potential of ID Fermions at finite temperatures). The 
screening length of silicon enters Cnw in the expression at the Xsi«R limit accounts for 
the fact that the chemical potential of carriers in NW only changes inside a layer of 
thickness ~ Xs\ nearby its surface. 

For the capacitance between an electrolyte solution and a nanowire, first, 
consider the potential distribution in the double layer (DL) formed by electrolyte near 
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NW surface. The Poisson equation is: 



-x( r "xl = -— «P(^/V)+ £t exp(ep/k B T) = ^smh(e<p/k B T), (S9) 
r ar\ or J e e s 

5 where p and e are the ionic concentration and dielectric constant of the electrolyte. The 
solution of Eq. S9 for boundary conditions cp(iZ>=A<p and q>(oo)=0 and small perturbations 
is: 



10 



15 



<p(r)= AyxK Q (r/X)/Ko<R/X) 9 and r£R (S 10), 

where X is the Debye-Huckel screening length of electrolyte and Ko(x) is the zero-order 
modified Bessel function of the second kind, which has asymptotic behavior Ab(x) « 

e - x 

-ln(*)forx«l. Additionally, jC 0 (x)*-_=for*>>l. The total charge inside the DL 
is: 



w 00 

Q= j- pxex2m"xsinh(e<p/k^<lr * j- pxex2nrxe<p(r)/ k B Tdr 

* * (SU) 

/x 2 2xRAAp K t (R/Jl) _ R K^R/A) 

k B T K 0 (R/X) ~ 9 * X* KoiRI X) 



This derivation makes use of the relationship dxK^xydx^-xK^x) and X 2 =ek B 272pe J . For 
an electrolyte with low ionic strength (R/A,=*«l): K^x) — ln(x) and K\(x) ~ l/x, Eq. 

20 S 1 1 turns into Q = ■ Therefore the capacitance between solution and per unit 

length of NW is (denote as DL capacitance C D l): 



C DL ^Q\/A<p = nex^x K ^ R,X) 

A WX) (gl2) 

*wnry ifR<< * 
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where the asymptotic behavior at small R/X is a logarithmic dependence, similar to the 
naive picture of modeling DL as two cylindrical sheets of charges separated at distance 
of screening length: 27te/ln(l+<Vi?). 

5 

While several embodiments of the present invention have been described and 
illustrated herein, those of ordinary skill in the art will readily envision a variety of other 
means and/or structures for performing the functions and/or obtaining the results and/or 
one or more of the advantages described herein, and each of such variations and/or 

10 modifications is deemed to be within the scope of the present invention. More generally, 
those skilled in the art will readily appreciate that all parameters, dimensions, materials, 
and configurations described herein axe meant to be exemplary and that the actual 
parameters, dimensions, materials, and/or configurations will depend upon the specific 
application or applications for which the teachings of the present invention is/are used. 

15 Those skilled in the art will recognize, or be able to ascertain using no more than routine 
experimentation, many equivalents to the specific embodiments of the invention 
described herein. It is, therefore, to be understood that the foregoing embodiments are 
presented by way of example only and that, within the scope of the appended claims and 
equivalents thereto, the invention may be practiced otherwise than as specifically 

20 described and claimed. The present invention is directed to each individual feature, 
system, article, material, kit, and/or method described herein. In addition, any 
combination of two or more such features, systems, articles, materials, kits, and/or 
methods, if such features, systems, articles, materials, kits, and/or methods are not 
mutually inconsistent, is included within the scope of the present invention, 

25 All definitions, as defined and used herein, should be understood to control over 

dictionary definitions, definitions in documents incorporated by reference, and/or 
ordinary meanings of the defined terms. 

The indefinite articles "a" and "an," as used herein in the specification and in the 
claims, unless clearly indicated to the contrary, should be understood to mean "at least 

30 one." 

The phrase "and/or," as used herein in the specification and in the claims, should 
be understood to mean "either or both" of the elements so conjoined, i.e., elements that 



as a non-limiting example, "at least one of A and b" (or, equivalently, "at least one ot A 
or B " or, equivalently "at least one of A and/or B") can refer, in one embodiment, to at 
least one, optionally including more than one, A, with no B present (and optionally 



The method of claims 1, 2, or 3, wherein the reaction entity comprises a nucleic 
acid. 
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7. The method of claims 1, 2, or 3, wherein the reaction entity comprises a protein. 

8. The method of claims 1 , 2, or 3, wherein the reaction entity comprises an 
enzyme. 

5 

9. The method of claims 1, 2, or 3, wherein the reaction entity comprises an 
antibody, 

1 0. The method of claims 1 , 2, or 3, wherein the reaction entity is covalently 
10 immobilized to the nanoscale wire. 

1 1 . The method of claims 1 , 2, or 3, wherein the reaction entity is immobilized to the 
nanoscale wire via a linker. 

15 12. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 5 
nanometers of the nanowire. 

13. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 3 
nanometers of the nanowire. 

20 

14. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 1 
nanometer of the nanowire. 

15. The method of claims U 2, or 3, wherein the nanoscale wire is a semiconductor 
25 nanowire. 

16. The method of claim 15, wherein the semiconductor nanowire is a silicon 
nanowire. 

30 1 7. The method of claims 1 , 2, or 3 , wherein the reaction entity specifically binds the 
analyte. 
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1 8. The method of claims 1 , 2, or 3 , wherein the reaction entity nonspecifically binds 
the analyte. 

1 9. The method of claim 3, wherein the nanoscale wire is contained in a solution. 

5 

' 20. The method of claims 1, 2, or 19, wherein the solution has an ionic strength of 
less than about 10 raM. 

21 The method of claims 1, 2 t or 19, wherein the solution has an ionic strength of 
10 less than about 3 raM. 

22 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of 
less than about 1 raM. 

! 5 23 The method of claims 1 , 2, or 1 9, wherein the solution has an ionic strength of 
less than about 300 micromolar. 



24 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of 
less than about 100 micromolar. 

20 

25 The method of claims 1, 2, or 19, wherein'the solution has an ionic strength of 
less than about 30 micromolar. 

26 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of 
25 less than about 1 0 micromolar. 



27. An article, comprising: 

a nanoscale wire, having a reaction entity immobilized relative thereto, 
the nanoscale wire exposed to a solution, wherein the nanoscale wire has a Debye 
30 screening length in the solution that is greater than the average cross-sectional 

dimension of the nanoscale wire. 
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Figure 2 
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